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Hayes, Thomas H ., M.S., June 1988 Chemistry
A Kinetic Study of the Oxidation of Arsenite By Bir- 
nessite (57 pp.)
Director: Wayne Van Meter
It is known that arsenite in aquatic systems is both 
more toxic and more mobile than arsenate. A hazard of 
dredging arsenic contaminated sites is mobilizing the 
arsenite contained in the reduced sediments. If the 
arsenite were oxidized prior to the clean-up, this 
hazard would be minimized. Earlier work has shown the 
great efficiency with which arsenite is oxidized by 
birnessite, a commonly occurring dioxide of manganese. 
The crystal structure of birnessite is thought to be 
sheets of octahedral MnOg with an interlayer composed 
of varying concentrations of water and metal cations. 
This work examines the oxidation-reduction reaction 
between birnessite and arsenite. Rate constants have 
been determined for a two stage reaction, a very fast 
stage I and a following slower stage II. The fast 
stage is complete after 60 minutes while the slow 
stage continues until at least one reactant species is 
consumed. It is shown that the two-stage reaction is 
highly dependent on the mineral composition and the 
ratio of initial arsenite to birnessite. The layered 
structure and the presence of various concentrations 
of metal cations in the interlayer are significant in 
determining the rate of the redox reaction. Tempera­
ture and pH affect the rate of stage I to a greater 
degree than stage II. A model is constructed with 
this kinetics information as well as X-ray diffraction 
results which shows control of the reaction by the 
mineral structure.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
I l l
TABLE OF CONTENTS
PAGE
A B S T R A C T ...................................................... ii
TABLE OF C O N T E N T S ......................................... iii
LIST OF TABLES ............................................. iv
LIST OF F I G U R E S .............................................. v
ACKNOWLEDGMENTS .............................................  vl
INTRODUCTION...................................................1
EXPERIMENTAL PROCEDURE....................................... 5
EXPERIMENTAL R E S U L T S ...........................  9
DISCUSSION OF R E S U L T S ....................................... 15
S U M M A R Y ....................................................... 21
REFERENCES...........   39
APPENDIX A - Synthesis of B i r n e s s i t e .................... 40
APPENDIX B - Quantitative Analysis ...................... 42
APPENDIX C - Anion Exchange C o l u m n s ...................... 43
APPENDIX D - Mn^+ in S o l u t i o n .............................46
APPENDIX E - Digestion of S o l i d s ........................ 47
APPENDIX F - Details of Kinetics Design ............... 48
APPENDIX G - Effect of Birnessite Surface A r e a ........ 52
APPENDIX H - Potassium Content of B i r n e s s i t e ...........53
APPENDIX I - Product F o r m a t i o n ...........................55
APPENDIX J - Experimental Data . . . . .    58
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
IV
LIST OF TABLES
TABLE
1. Summarized Reaction Parameters . . .
2. Solution Analysis of 64-hour Reaction
PAGE 
. 32 
. 33
3. Summarized X-ray Diffraction Data of Birnessite . . .34
4. Solid Analysis of 64-Hour R e a c t i o n ...................35
5. Effects of Potassium Content Birnessite Upon Rate . .36
6 . Rate Constants at Various Initial Concentrations . .37
7. Rate Constants at Different pH and Temperature . . .38
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
V
LIST OF FIGURES
PAGE
Figure C a p t i o n s .............................................. 24
Figure 1 - Birnessite Crystal Structure.....................25
Figure 2 - Ln of the Arsenite Concentration for Three
Initial As {III )/Birnessite Concentrations..................26
Figure 3 - The Molar Concentrations of Reactant Species
During a 64-Hour Reaction................................... 27
Figure 4 - Effect of Temperature and pH On Rate........... 28
Figure 5- Ln of the Arsenite Concentration After Varying 
Initial As { III )/Birnessite Concentrations..................29
Figure 6 - Ln of the Arsenite Concentrations After Varying 
Potassium Content of Birnessite............................. 30
Figure 7 - Ratio of Initial Birnessite to Arsenite vs. 
Reaction R a t e ................................................ 31
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
V I
ACKNOWLEDGMENT 
My gratitude is expressed to virtually the entire 
Chemistry Department as each member willingly gave me their 
time and advice. Of special note are Professor Johnnie 
Moore in the Geology Department, and in Chemistry, Profes­
sors Dick Field, Wayne Van Meter, George Woodbury, Ralph 
Fessenden, Walter Hill and Keith Osterheld. I am deeply 
impressed with their knowledge and their dedication to 
learning.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
1
INTRODUCTION
Arsenic, as a contaminant in surface and groundwater, 
is a growing problem. Previous studies have shown that 
arsenic is normally present as an oxide in aquatic environ­
ments with near-neutral pH and average Eh (Luh, 1973). The 
reduced species, As(III), is more toxic (Penrose, 1974), 
more soluble and more mobile (Deuel and S w o b o d a , 1972) ,
than the oxidized species, As(V ). Minerals found to effec­
tively oxidize As(III) include several iron and manganese 
oxides commonly found in aquatic sediments. One form of 
manganese dioxide, birnessite, has been shown by Oscarson 
et al (1980, 1981) to be the most efficient oxidizing
mineral encountered in sediments tested. Birnessite is 
frequently encountered and naturally occurring in modern 
sediments and soils (McKenzie, 1971).
The structure of birnessite is not well known and 
appears to be dependent on metal cations available during 
its formation. The mineral rarely forms grains large 
enough for single-crystal analysis and is often not stoich­
iometric (McKenzie, 1971). Birnessite is thought to pos­
sess a layer-like structure (fig. 1 ) similar to that of 
calcophanite (Giovanoli, 1970; Burns, 1977). These layers 
are made up of manganese ions octahedrally surrounded by 
oxygens connected in an edge-sharing arrangement. Giova­
noli (1970) theorized that only five of six octahedral 
centers are occupied by Mn^^ and that the sixth site is
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
vacant, resulting in a charge imbalance. The interlayer
3 +contains metal cations, including Mn , and water m o l e ­
cules. The Mn^^ cations are most likely located above and 
below vacant positions and octahedrally coordinated with 
water molecules and with oxygen atoms in the octahedral 
sheets. Giovanoli places the position of the other metal 
cations as loosely coordinated with the octahedral sheets
and the interlayer water sheets. There is also thought to
2  +be a small amount of Mn present. Charge balance is 
obtained by varying the relative amounts of Mn^ ̂ , Mn ̂ *,
2  XMn and other cations. These interlayer cations are 
easily exchanged. Typical examples are K, Na, Ca, Mn, and 
B a . Sodium, potassium and calcium are most common in 
naturally occurring birnessites (Burns, 1977; McKenzie, 
1971) .
The four largest of the X-ray powder pattern peaks 
recorded for birnessite in ASTM 23-1046 correspond to 0.709 
nm, 0.356 nm, 0.251 nm, and 0.147 n m . In a layered miner­
al, the first two distances are indicative of the spacing 
between layers (Brindly, 1984). The distance corresponding 
to the second peak is half the interlayer spacing, so a 
mean spacing can be obtained by doubling the second dis­
tance and averaging it with the first. That value is known 
as DQQj(ave). The crystal lattice spacings for the birnes­
site synthesized in this investigation are 0.720 nm, 0.360 
nm, 0.244 nm, and 0.141 nm.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
3
The expected redox reaction between birnessite and 
As(III) is:
MnOg + 4H^ + 2e“ = Mn^’*' + 2HgO 
H 3 ASO 3  + HgO = HAsO^^" + 4H'*“ + 2e"
H 3 ASO 3  + MnOg = M n ^ ^ + HAsO^^” + HgO
This equation implies a reaction first order in As(III) 
producing equimolar concentrations of two soluble ions; 
manganous, Mn^^, and arsenate, HAsO^^”. Instead, previous
experimental results have shown an extremely low concentra-
2 + 2 —tion of Mn compared to HAsO^ (Oscarson et s ^ ,  , 1981).
Oscarson’s study (1983) also showed evidence of an initial
fast rate followed by a slower rate. In addition to the
redox reaction, it has been shown that As(III) will easily
adsorb to birnessite (Oscarson et ad, 1980).
Since the chemical equation does not predict the 
experimental results, one must turn to the kinetics of the 
reaction. Previous studies of the kinetics of this reac­
tion (Oscarson et al., 1983) produced a rate constant for 
the reaction after the first thirty minutes, but did not 
attempt to explain the small concentration of manganous 
ions in solution. Also, they reported data for only one pH 
at one ratio of initial As(III) concentration to birnessite 
quantity.
Expanding the work started by Oscarson et. ad, addi­
tional research of the arsenite-birnessite redox reaction 
is reported here. Birnessite was mixed with As(III) solu­
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
tions and samples were drawn at selected time intervals. 
The solution, containing altered solutes, and the partially 
modified birnessite were quantitatively analyzed after 
centrifugation and filtration. Particular terms are used 
to distinguish the components of the reaction. The solid 
residue is modified birnessite as well as any precipitates 
formed and the filter substrate is suspended precipitates. 
Samples of the solution, filter substrate and solid residue 
were analyzed over a sixty-four hour period. X-ray diffra­
ction was used to examine the changes in the birnessite 
structure. Solutions from reactions five hours in length 
were analyzed for the effects of pH, temperature, birnes­
site composition and the ratio of initial reactant concen­
trations. The purpose was to examine possible structural 
and compositional control on the reaction.
Kinetics data presented in this study establish a two- 
stage reaction and suggests that the reaction rate is 
controlled by the birnessite structure. The initial fast 
stage may occur with the exchange of cations in the birnes­
site interlayer. It is theorized that the mineral surface 
of the birnessite is altered during this stage of the 
reaction. The slow stage is only minimally affected by 
temperature and pH, and thus is very likely controlled by 
diffusion through the altered mineral surface.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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EXPERIMENTAL PROCEDURES
As(III) and As(V) stock solutions were made by disso­
lution of MCB Reagent-grade N aAsÛ 2  and N a 2 HAsO^ in d e ­
ionized water. Birnessite was prepared by reducing KMnO^ 
with concentrated HCl (McKenzie, 1971) (App. A). Before
and after reaction with As{III ) , birnessite was character­
ized by X-ray analysis. Samples were lightly packed into 
well mounts and analyzed with a Phillips Norelco X-ray 
diffractometer using CuK alpha radiation. Diffractometer 
scans were made from 10 to 65 degrees at 1/4 and 1/2 de­
grees per minute.
Water of hydration in the birnessite was measured by 
thermogravimetric analysis (TGA) using a Perkin-Elmer TGS-2 
and found for one sample to be 11.6% by weight. Since this 
closely matched data provided by Giovanoli (1970), it is 
expected that other birnessite samples would have compara­
tive results.
All quantitative analyses were performed on a Jarrell- 
Ash Atom Comp Series 800 Inductively Coupled Argon-Plasma 
Atomic-Bmission Spectrometer (ICAPES) (App. B). The ICAPES 
provides simultaneous measurement of all reaction species 
with an average error of less than 4% and relative standard 
deviation (RSD) of 0.01%. Since the ICAPES only measures 
total arsenic, the As ( V ) and As( III ) were separated using 
anion-exchange columns by the method of Ficklin (1982) 
{A p p . C) enabling separate measurement. The exchange
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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column, in the acetate form, was first loaded with 5 tnL of 
sample, followed by successive 5 mL volumes of 0.12 HCl. 
As(III) was eluted in the first three 5 mL aliquots and 
As(V) in the next two aliquots. Completion of the exchange 
was signaled by a color meniscus moving down as the column 
converted to the chloride form. Column reliability was 
tested by quantitatively analyzing eluents of known concen­
trations of As (III), As ( V ) and a combination of the two. 
The mean amount recovered for As ( III ) was 91% (RSD = .6 %)
and for As ( V ) was 98% (RSD = 2.1%). Also of importance
during quantitative analysis of the solution was the amount 
2 +of Mn in solution derived from sources other than the
2 +reaction. The background concentration of Mn was de­
termined by use of experiments performed without arsenic 
and found to be less than 0.01 ppm (App. D).
Quantitative analyses of residue (reacted birnessite 
plus any precipitates) as well as analysis of unreacted 
birnessite and filter substrates were conducted using the 
ICAPES after total HCl digestion and dilution to approxi­
mately O.IM HCl (App. E). Analysis of the residue required 
two processes, one process for the composition of the 
residue and one process for the arsenic species in the 
residue (adsorbed and/or precipitated arsenic). Total HCl 
digestion converted all species to soluble ions and was 
likely, therefore, to reduce some As(V ).
To determine the arsenic species in the residue, the
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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following arsenic separation procedure, from a personal 
communication with Ficklin, was performed. Up to 500 mg of 
solid was mixed with 5 mL of 4M HCl in a covered container 
and boiled in a water bath for 30 minutes. The liquid was 
brought back to a 5 mL volume and filtered if necessary. 
Next 0.3 mL of the filtrate and 2.7 mL of 0.12M HCl were 
placed in the anion-exchange column and collected as the 
first aliquot. Then 4 mL of 0.12M HCl were added to the 
column and eluted as the second aliquot. The first two 
aliquots contained the As(III). Successive 5 mL HCl ali­
quots followed until the color difference of the column 
indicated it was converted completely to the chloride form. 
Those aliquots contained the As(V). Ficklin reports that 
he has tested the method by spiking samples with As(III) or 
As(V) and found it to be accurate to within 5%.
In order to suspend the birnessite during reaction, 
all experiments were performed in a wrist-action shaker 
with containers immersed in a constant temperature water 
bath. One-hundred milliliters of reaction solution were 
placed in a 500-mL Nalgene bottle at selected pH and tem­
perature (App. F) . The pH was adjusted by adding 12M HCl 
or IM NaOH and testing on an Orion Research specific ion 
meter, model 407A, with an Orion combination pH 91-05 glass 
electrode. All solutions were filtered through 0.45 um 
Gelman Sciences 25-mm diameter membrane filters. For 
reaction times of less than an hour, aliquots were taken by
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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filtration. Longer reactions were stopped by centrifuga­
tion at 3000 rpm for 30 minutes followed by filtration. 
Qualitative analysis of digested filters (total HCl diges­
tion described above) assured that arsenic adsorption on 
the filters did not occur. Solutions were quantitatively 
analyzed after varying the reaction parameters indicated in 
table 1. Residue analysis was performed on the centrifu­
gate and filter substrates at selected time increments from 
one hour to 64 hours.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
EXPERIMENTAL RESULTS 
The decrease in concentration of As(III) over time 
(fig. 2 ) indicates a rapid rate of reaction until about 
sixty minutes followed by a much slower decrease. To 
determine what changes occur over time, to both the solu­
tion and to the residue, the reaction was monitored for 64 
hours. In order to be able to generalize the data from 
this 64 hour reaction, the As (III) to birnessite ratio is 
similar to that of the other reactions reported later. 
Solution data (Table 2, Fig. 3) show that initiation of the 
redox reaction is accompanied by a rapid increase in As(V ),
X 2, +K , and Mn concentrations as As(III) decreases. (Note 
that the manganous ion concentration is multiplied by ten 
so that, relative to potassium, its overall increase is
p Xsmall.) The As(V)/Mn ratio decreases until 8  hours and 
then increases (Table 2), (A gel-like substance is noted
in the filter substrate and coating the solid from the 8 -
2hour sample to reaction completion.) Since the As(V)/Mn
ratio varies throughout, it is apparent that the two ions
are not being produced in equimolar concentrations as the
2 +redox equation predicts. Instead, As(V)/Mn ratios range 
from 350 to a low of 34 (Table 2). The very low concentra­
tions of manganous ion found in solution is surprising
considering the expected reaction and the solubility of 
2  +Mn . Also, the amount of As(V ) appearing is smaller than 
the amount of As(III) disappearing. In fact, total arsenic
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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in solution steadily decreases (Table 2) indicating an 
adsorption or precipitation process. After the initial 
rapid increase in potassium and manganese there is little 
change for the remainder of the period.
Summarizing, solution chemistry shows a decrease in 
As(III) at a rate faster than the increase of As ( V ) . K"*"
and Mn^^ increase rapidly the first hour and then level off
2 Hhbut the Mn is significantly lower than anticipated.
X-ray diffraction data show good agreement between 
crystal lattice spacing of the birnessite synthesized here 
and that of synthetic birnessite reported in ASTM card 23- 
1046. A shoulder on the high aide of the 0.244 nm peak
of unreacted birnessite is interpreted to be an hk diffrac­
tion band (diffraction in the hk direction which signifies 
an inconsistent order in the crystal structure) indicating 
that the unit cells are somewhat randomly stacked (Brin­
die , 1984). Analysis of the residue shows that the peaks
shifted slightly after the birnessite had reacted with 
As(III). The reduction in Dqqj indicates a pattial col­
lapse of spacing between the octagonal sheets of the miner­
al structure similar to the collapse after heating to 300° 
C (Table 3). After the partial collapse, increased or­
dering can be assumed by the decrease in the hk diffraction 
band on the 0.244 nm peak.
The composition of the solid also changes markedly 
during the reaction (Table 4). The decrease in potassium
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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and increase in arsenic during the first hour indicate that 
potassium is released from the birnessite as arsenic is 
taken up. Virtually all the arsenic incorporated into the 
birnessite is in the As(V ) form and steadily increases over 
time (Table 4). A suspended precipitate was collected in 
the filter substrate from eight hours to eaction conclu­
sion, It had a slightly brown, gel-like appearance on the 
filter. The centrifuge residue had a similar appearing 
coating. Quantitative analysis of the filter substrate 
revealed that this substance had an average As/Mn molar 
ratio of 0,94.
Summarizing, the ICAPES results and X-ray diffraction 
show that large amounts of potassium and smaller amounts of 
Mn(II) are released as As(III) is oxidized. Simultaneous­
ly, disorder within the crystal structure decreases as the 
space between octahedral layers collapses somewhat. All 
arsenic found in the solid residue is in the As ( V ) form 
which increases throughout the reaction. The residue and 
filter substrate are coated with a gel-like material with 
an arsenic-manganese molar ratio of 1 :1 .
Since it was difficult to stop the changes occurring 
in the residue, only solution concentrations were deter­
mined when the effects of temperature and pH were moni­
tored. The reaction parameters are indicated in table 1. 
The initial conditions used most often are 300 ppm As(III) 
and 1 0 0  mg of birnessite
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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The pH and temperature at these concentrations have 
varying effects on the reaction rate (Fig. 4). The reac­
tion rate at pH 7.5 and 11.0 are very similar but the rate 
of disappearance of As(III) at pH 3.5 is noticeably faster. 
High temperature has a significant effect, particularly 
early in the reaction. At 4 5° C the rate of disappearance 
of As (III) is very high in the first few minutes compared 
to both 5° and 25° C.
The ratio of initial As(III) concentration and bir­
nessite surface area appears to have a direct effect on the 
reaction (fig. 5) (App. G), particularly in the early part
of the reaction. At low ratios of As(III) to birnessite the
reaction is very fast and does not exhibit a two stage
process. As the ratio becomes larger, the rate of disap­
pearance of As(III) becomes smaller.
Another unusual effect is attributed to the potassium 
content of the birnessite. Quantitative analysis showed 
that two forms of birnessite were synthesized with potas­
sium contents of 1.7% and 8.3%. The structures were indis­
tinguishable by X-ray diffraction, but use of the birnes­
site with the smaller potassium content resulted in faster 
reaction rates. Potassium content appears to be important 
in the control of the reaction rate (fig. 6 ) (App. H).
Rate constants are calculated by the relative decrease 
in a reactant concentration as a function of time. This 
study has shown that some control of the rate is exhibited
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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by the potassium content of the birnessite and the reactant 
ratio.
A first order rate equation for the depletion of 
As(III) can be written :
-dtAs(III)]/dt = k[As(III)]
This is integrated as:
ln[As(III)] = -kt + c 
The energy of activation, is defined by the relation­
ship :
k = Aexp(-Eg^/RT ) or ln(k) = ln(A) - Eg/RT 
In the above equations (As(III)} is the concentration of 
As(III) still in solution at time t. The rate constant is 
k , c is a constant of integration, A is the pre-exponential 
factor, R is the molar gas constant and T is the tempera­
ture on the Kelvin scale. The reaction is considered first- 
order if a plot of In[As(III)] vs. t is a straight line.
The approximate rate constants at each concentration 
can be determined by least-squares analysis of the slopes 
of the graphs. For the sake of discussion, since the 
apparent overlapping of the two stages of the reaction 
prevents the appearance of linearity, arbitrary points were 
selected to delineate the fast and slow rates. The fast 
rate was considered to last until 40 minutes and the slow 
rate to commence at 60 minutes. For comparison, rate 
constants have been calculated for birnessites of two 
potassium contents (Table 5) (based on data in App. J) and
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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for four ratios of initial As(III) to birnessite (Table 6 ) 
(data in App. J). The potassium content does not affect 
the rate at high ratios of As(III) to birnessite but the 
low potassium content birnessite shows a much faster rate 
at low ratios. With a constant potassium content, the
lower reactant ratios show a faster rate then higher 
ratios. Low potassium content and low reactant ratios 
cause faster reaction rates.
The energy of activation, E^, and rate dependence on 
the temperature and pH were calculated for an As ( III ) 
concentration of 300 ppm and 100 mg of birnessite (Table 7 
and Fig.4). Rates for the slow stage given by Oscarson et 
al (1983) provide further evidence of the effects of dif­
ferent initial concentrations and birnessite compositions. 
The Oscarson birnessite with 9.5% potassium and initial 
reactant concentrations in a ratio of 2:3 had a rate of 
0.0044 min“  ̂ compared to 0.0061 min“  ̂ (slow stage) for 
birnessite with 1.7% potassium and a 3:2 reactant ratio in 
this investigation.
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DISCUSSION
The birnessite structure is octahedral layers of MnOg
3 ̂and an interlayer of approximately 0.72 nm containing Mn
ions, other metal cations, and water molecules. A model
emphasizing control of the reaction by this structure can
explain the compositional changes of the solution and
reacted solid, as well as the effects of pH and temperature
and various ratios of As(III) to birnessite. During stage
3 +I, H 3 ASO 3  is oxidized by Mn in the interlayer as well as 
by the most available Mn^^ and Mn^^ ions on the surface of 
the crystal structure (possibly due to defects in the 
crystal framework). The consumption of Mn and consequent 
loss of oxygen modifies the interlayer charge causing the 
structure to partially collapse (Table 3). This collapse 
and consequent partial ordering (as indicated by changes in 
the hk diffraction band) occurs as potassium and interlayer
water are released due to charge imbalance (Table 4). The
2+ 3 +larger Mn ions (67 pm vs 53 pm for Mn ) remaining in the
solid partially disrupt and thus breakup the crystal struc­
ture resulting in smaller coherent scattering domains and 
broader peaks.
The As(III) and Mn(III) reaction is thermodynamically 
favored with a three-fold more negative Gibbs free energy 
change compared to As(III) and Mn(IV) (Weast, 1984).
2  _ OxHAsO^ is produced as well as Mn . Despite the solubili- 
2 +ty of Mn , very little is found, in solution for two rea­
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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sons. First, insoluble As(V)-Mn<II) compounds are formed. 
Evidence is the gel-like substance found on the filter and 
coating the residue after centrifugation. Kraut i te is 
described as a gel-like, slightly acidic. A s (V )-Mn(II) 
compound with a suggested structural formula of 
M n (H 2 O )(AsOgOH) (Catti, 1979). It is expected that the 
relative increase in concentration of manganous ions would 
cause the formation of this compound (krautite solubility 
data is not available). This reaction would consume the
2  Xincreasing amount of available Mn seen at about eight 
hours. The 1:1 ratio of As(V ) and Mn(II) found in the gel­
like substance in the filter substrate is further evidence 
for the formation of krautite. Also, it might be expected 
that manganous ions are consumed in a 3:2 ratio as the 
insoluble As(V )-Mn(II) precipitate, Mng(AsO^)2 , but that 
does not account for the bulk of the missing ions. The
2  Xsecond reason Mn ions are not found in solution is that 
these reduced manganese ions simply remain in the birnes­
site. The crystal structure is able to accommodate a 
significant amount of the manganese in the + 2  oxidation 
state (Turner, 1981). Further evidence for a build-up of 
reduced manganese is the constant amount of potassium in 
solution after the first hour. Apparently the mineral 
structure is not being dissolved which would release addi­
tional . Instead both the Mn̂ "*" and K"*” are remaining in 
place.
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Precipitation of insoluble As-Mn compounds causes the 
total arsenic in solution to decrease (Table 2) and a long 
term decrease in As(V ) during the redox reaction (fig. 3). 
Oscarson et aJL (1981) attributed this decrease to adsorp­
tion of As(III). Sposito (1986) reports on the extreme 
difficulty of differentiating between surface precipitation 
and adsorption and suggests electron spin resonance or 
infrared spectroscopic analysis. That was not used in this 
investigation, but analysis of the residue, after using the 
Ficklin separation procedure, reveals that almost all 
arsenic present is As(V). It is known that As(V) does not 
adsorb to b i m e s s i te (Oscarson e_t aJL, 1981b, 1983). Since
analysis shows that the arsenic is present predominantly in 
the +5 oxidation state (Table 3), it must be as an insolu­
ble precipitate (App. I).
During stage I, it appears that very low pH has a 
noticeable effect (Table 7, fig. 4). At this pH the 
As (III) is almost entirely in the molecular arsenious acid 
form (pk^ = 9.6). The rate of reaction of a molecular form 
is commonly faster than its ionic form. Also the point 
of zero charge (where the oxide surface is neutral) of 
birnessite is pH 2.3 (Oscarson e_t a^, 1983) so there is
very little electrostatic interference with the chemical 
reaction. Arsenious acid is primarily in the form of
H 3 ASO 3 . No evidence has been shown for the monomeric meta­
acid, HASO 2  (Greenwood, 1984). At pH 7.5 and 11.0 the
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oxide surface is negatively charged with an hydroxy double­
layer {Thanabalasingara, 1986) and a growing proportion of
the arsenious acid molecules are ionized. In addition to 
repelling the deprotonated acid ions, the negatively 
charged environment can be expected to strengthen the 
oxygen-manganese bonds and slow the exchange of oxygen 
during the redox reaction. Thus the reactions at pH 7.5 
and 1 1 . 0  would be similarly slowed.
The very noticeable effect that temperature has on 
stage I is strong evidence suggesting a chemical reaction 
such as adsorption or bond breaking as the rate determining 
step. Due to the large activation energy of stage I, the 
temperature would have a much more significant effect upon 
rate than it has on diffusion. (Diffusion is proportional 
to the square of temperature whereas temperature is in the 
exponential term of the expression involving activation 
energy for a reaction. The increased available energy at 
higher temperature would distinctly speed the rate when it 
is controlled by a chemical reaction. Were the reaction 
diffusion controlled, the rate differences at different 
temperatures would be smaller in this c a s e . After the 
initial rapid reaction of As (III ) with interlayer Mn(III) 
cations and available Mn(IV), the rate significantly slows 
as the second stage becomes dominant.
Stage II is most likely controlled by the accessibili­
ty of Mn(IV) in the MnOg octahedra. The As(III) must first
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diffuse to less accessible Mn(IV) sites, adsorb to the
birnessite, then exchange electrons and one oxygen with the
Mn(IV) and diffuse away after breaking the manganese-oxygen
2  +bond. Since very little Mn is found in solution, it can 
be assumed that the As(III) must first diffuse through a 
dense zone of reduced manganese to gain access to Mn^^. 
The rate constants for the slow stages do not appear to be 
affected by varying the pH and temperature. There is not a 
specific trend in either case and each value is within 15% 
of an average value which is virtually insignificant with a 
10% experimental error. The extra energy imparted from 
higher temperatures only slightly increases the rate of 
diffusion. As a result of this data, it can be expected 
that diffusion is the rate-controlling step of stage II.
The rates of both the slow and fast stages are in­
versely proportional to the As(III) concentration (Table 6 , 
fig. 7). This is similar to saying that the rate slows as 
there is less birnessite for a particular concentration of 
As (III). Figure 7 reveals that stage I is slowed much more 
than stage II. Based on the controls of each stage dis­
cussed above, it can be seen why this is the case. As the 
amount of birnessite decreases for a particular amount of 
As ( III ) , all available M n ^ a n d  exposed Mn^'*’ would be 
consumed immediately and stage I would be over almost 
before the methods in this experiment could detect it. 
Stage II controls take over rather quickly. For that
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reason» in the time period up to 40 minutes, it appears 
that stage I is strongly retarded when actually part of 
stage II is being included. Stage II is not strongly 
affected by the initial As(III) to birnessite ratio unless 
the amount of birnessite available is so large that the 
As(III) is consumed prior to activation of stage II. Once 
the reduced layer is established, the rate does not appear 
to be affected by the relative thickness of that layer 
(fig. 3)
A more difficult problem is the different reaction 
rates exhibited by birnessite with varying potassium con­
tent. Possibly a larger ratio of Mn(III)/Mn(II) in the 
interlayer results in a lower requirement for potassium to
ensure interlayer charge balance. Thus a high potassium
3 4*content would indicate a low concentration of Mn ions.
Another similar effect to be considered is the possibility
that as birnessite ages, the Mn(III) in the interlayer
disproportionates to Mn(II) and Mn(IV) (Hem, 1983). Since
3 +the reaction of As(III) with Mn is very much faster than 
with Mn^^ this causes a significant slowing of stage I.
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SUMMARY
This study has demonstrated the importance of the 
mineral surface in a chemical reaction. X-ray diffraction 
and quantitative analysis of the mineral during various 
stages of an oxidation-reduct ion reaction have helped 
elucidate the crystal structure. Kinetics data have con­
firmed the possible configuration of the crystal structure 
and demonstrated the control of that structure on the 
oxidation-reduct ion reaction.
Oxidation of As(III) by birnessite is not the simple 
process that the stoichiometric equation describes. The 
reaction occurs on and within a mineral and is highly 
dependent on the mineral structure. The layered structure 
and presence of exchangeable cations is essential in deter­
mining reaction rates. There appear to be reactions at two 
different types of sites within the birnessite structure. 
Undoubtedly both reactions are occurring simultaneously for 
the first 60-80 minutes which precludes linearity of any 
concentration versus time plots. The free energy of 
oxidation by Mn(III) indicates that reaction should proceed 
at a relatively fast rate. A high temperature dependence 
indicates a chemical reaction such as desorption {where the 
manganese-oxygen bond must be broken) as the rate control­
ling factor of stage I. Once that manganese is consumed, 
the second stage is controlled by diffusion to deeper 
Mn(IV) sites. Since very little reduced manganese goes
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into solution, it is instead building up a layer on the 
mineral surface, causing the diffusion of As(III) to the 
active birnessite surface to be the controlling factor of 
stage II,
The two-stage reaction discussed here was observed 
in a laboratory environment. Additional research would be 
required to apply this data to a natural s y s t e m . For 
example, iron hydrous oxides are very common in most aqua­
tic systems and could competitively interfere with the 
oxidation of As(III) by birnessite. Also phosphates tend 
to adsorb to birnessite and could slow the reaction con­
siderably. There may be a mineral similar to birnessite 
that would be more specific in its oxidation of As(III) or 
more available than birnessite.
It is expected that knowledge of the kinetics and 
mechanism of the redox reaction between birnessite and 
As(III) in natural systems will have important environmen­
tal applications. It is common in natural systems for the 
less soluble and less mobile As(V) form to accumulate in 
the reducing zone in sediments where the precipitation of 
sulfides in anoxic conditions produces the environment to 
reduce it to As(III) (Moore e^ , 1988), Dredging type
clean-up operations would bring this toxic form into con­
tact with the water where it would be remobilized causing 
contamination downstream. Birnessite, or a compound with 
similar properties, should fix As(III) in the less toxic
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and less mobile As(V ) form. This clearly could aid clean­
up operations and prevent contamination of groundwaters in 
the vicinity of sites c o n t a m i n a t e d  with arsenic.
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TABLE 1. SUMMARIZED REACTION PARAMETERS
[As(III)] 
(ppm)
Birnessite 
( mg )
..r ..
(%)
Time 
( hrs }
pH Temp
(°C)
50 1 0 0 8.3 7 7 . 5 25
300 400 8.3 5 7 . 5 25
300 2 0 0 8.3 5 7 . 5 25
2 0 0 1 0 0 8.3 7 7.5 25
350 1 0 0 8.3 7 7.5 25
500 1 0 0 8.3 7 7 . 5 25
150 1 0 0 1 . 7 5 7 . 5 25
300 1 0 0 1 . 7 5 7 . 5 25
300 1 0 0 1 . 7 4 7.5 5
300 1 0 0 1.7 5 7 . 5 45
300 1 0 0 1 . 7 4 3 . 5 25
300 1 0 0 1 . 7 4 1 1 . 0 25
600 2 0 0 1 . 7 64 7,5 25
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Table 2. Solution Analysis of 64 Hour Reaction
Initial Conditions : Arsenite-- 1 0 0 0  ppm, Birnessite --300 mg
Time As(III ) As(V) Total As As(V)/ As(V)/ As(V)/
( hrs ) (ppm)* (ppm)* (ppm)» As(III)**
1 569 337 906 0 . 59 353 5 . 2
2 515 387 902 0.75 76 4.8
4 461 409 870 0.89 48 5.0
8 419 443 862 1 .06 33 5.2
16 390 409 799 1 . 05 42 3 . 1
24 386 365 751 0 . 95 43 3.9
32 313 424 737 1 .35 72 4.4
48 266 390 656 1.47 79 4 . 1
64 1 2 0 339 459 2  .82 57 3.5
$ + / — 1 0 % (difference in triplicate experiments), ** +/- 15%
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Table 3. Summarized X-ray Diffraction Data for
34
Birness i te
Sample dQQ ( average ) * (nm) Major Peaks
ASTM 0.709 0.356, 0.251, 0.1470
unreacted 0.720 0.360, 0.244, 0.1414
heated to 300° C 0.708 0.354, 0.242, 0.1414
reaction < 5 hrs 0.710 0.355, 0.244, 0.1418
reaction > 10 hrs 0.711 0.355, 0.245, 0.1419
*dQQ 2 < average) = (d^Q ̂ + 2 *dQQ£ ) / 2
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Table 4. Solid Analysis of 64 Hour Reaction
Initial Conditions : Arsenite- - 1 0 0 0  ppm, Birnessite--300 mg
Time As(III ) As(V) % Total As in % K in
( hrs ) (ppm)» (ppm )* solid* solid*
1 1 . 0 61.6 4.60 1 . 16
2 1 . 0 69.0 4.87 1 .06
4 0 . 5 33.0 5 . 18 0.99
8 0 . 6 40.9 5.58 0.98
16 0 . 6 75.0 8  . 05 0 . 89
24 0.7 92.0 9 . 49 0 . 44
32 0  . 8 246 .0 9 .00 0 . 39
48 0.7 275 .0 9.81 0 . 49
64 0 . 8 264.0 1 0 . 6 8 0 . 37
* +/- 1 2 % (difference in duplicate experiments)
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TABLE 5. Effects of Potassium Content of Birnessite On 
the Reaction Rate
ratio of A s (III)/birness i te (ppm/mg): 1 . 5 3 . 5
8.3% K+ rate f or fast stage 
slow stage
( X 
{ X
lo| min~|): 
lO"* min‘  ̂) :
117
14
64
4
1 . 7% rate f or fast stage 
slow stage
(x
(x
1 0  ̂ min“|̂ ) : 
1 0  min“ ):
187
70
78
7
+ /- 10% (R'^)
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Table 6 . Rate constants at various initial concentrations.
Initial cone.
As{III)/MnOo 150/100 300/100 600/200 1000/300
(ppm/mg)
^fast (^ loomin'  ̂) 190 1 2 0 130 94
kgiow lO'^min-  ̂) 6 . 1 7 . 4 6  . 2 4 . 1
+/- 10% (R^)
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Table 7. Rate constants, k ; different pH and temperatures
Initial Conditions: Arsenite-- 300 ppm, Birnessite--100 mg
5° C 25^ C 45° C pH 3.5 pH 7.5 pH~ 11.0
, 8 8  110 210 140 110 100
* +/- 10% (R^)
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Appendix A, Synthesis of Birnessite 
Since the oxides of manganese strongly adsorb cations, 
it is important to use deionized or double-distilled water. 
Natural birnessite generally contains foreign cations such 
as calcium, sodium or potassium, that were present during 
its formation. It should be noted that it is not necessary 
that these cations be present for the compound to be char­
acterized as birnessite (McKenzie, 1971). However, in the 
synthetic preparation of birnessite, the presence of a 
cation is critical to prevent the formation of a more 
ordered crystalline form of M n O 2  called cryptomalene . 
Since the method presented here uses KMnO^, potassium will 
serve as the required cation. Depending upon the amount of 
birnessite desired, the following ratio of chemicals are 
combined in a container twice as large as amount of water 
used ;
250 mL boiling water with stir bar
15.8 g KMnO^, bring back to boil (crystals dissolve) 
16.4 mL 12M HCl added dropwise, rapid evolution 
of HCl and CI 2  gas
Bring back to boil for 10 minutes. Allow to cool and
filter with a Buchner funnel. Wash with deionized water as
filtering progresses until the filtrate is clear. The
resulting precipitate should be a deep brown. Dry at
approximately 70° C, grind with mortar and pestle and store
in a desiccator. Provides about 5 g of birnessite.
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Expected reaction is:
2 Mn 0 4 ~ + 8H^ + 6e~ = 2MnOg + 4 H 2 O 
6C1~ = acig + 6e~
+ 8H'*' + 6C1" = ZMnOg 1" SCig + 4 H 2 O
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 2
Appendix B. Quantitative Analysis 
Inductively Coupled Argon-Plasma Atomic-Emission 
Spectroscopy (ICAPES) is a fairly new technique for multi­
element analysis. The technique has excellent analytical 
precision, shows a wide linear dynamic range, and is rela­
tively free of chemical interferences. Spectral inter­
ferences, however, place some restrictions on its applica­
tions to trace-metal analysis due to the number of wave­
lengths emitted by some elements. This interference can 
generally be overcome through programming of the computer 
used in conjunction with the ICAPES. That was simplified 
in this work since only four elements were determined. The 
system was composed of arsenic, manganese, potassium, and 
sodium. Oxygen and hydrogen were not quantitatively 
determined.
Quantitative analysis by this procedure demands accu­
rate volume measurements and these experiments required a 
great many such measurements. An adjustable pipette would 
expedite this procedure if it were proven to be sufficient­
ly accurate. An Eppendorf 0.6 - 10.4 mL adjustable pipette 
was found gravimetrically to be accurate within .15% with a 
relative standard deviation of less than .0004. This was 
twice as accurate as comparable glass volumetric pipettes 
and was used for all volumes of less than 50 ml. Larger 
volumes were measured with standard volumetric flasks.
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Appendix C. Anion Exchange Columns
The columns were glass econo-columns ( 10 cm x 7 mm)
filled with 6  cm of a Dowex 1 x 8  100-200 mesh anion-
exchange resin supplied by J. T. Baker Chemical company.
The resin was supplied in the chloride form and required
conversion to the acetate form through the hydroxide form
as an intermediate. This was done by eluting 3 mL of IM
NaOH through the resin followed by 5 mL of deionized water
and then 6.2 mL of IM acetic acid. The resin is washed
once more with 7-8 mL of deionized water. When not in use,
the columns must be capped to exclude dust and contain 2-3
mL of water to keep the resin moist.
Five mL is the recommended size for all elutions since
it is the minimum sample size for ICAPES analysis. A 5 mL
sample of mixed arsenate and arsenite will displace the
water in the columns and elute some arsenite. At near
neutral pH arsenite is in the form HgAsOg and is very
slightly retained by the resin. Thus it is quickly washed
out by succeeding elutions of 0.12M HCl. (all arsenite is
normally eluted in the first three aliquots). Movement of
the arsenate (AsO^ ) is much more strongly retarded by the
3 —resin. The protonation of the AsO^ ~ speeds up its move­
ment down the column but it is not until the fourth aliquot 
that arsenate appears in the aliquots. Most of the arse­
nate is ejected in the fourth aliquot and the remainder is 
in the fifth aliquot. It is at this point that a color 
change indicates that the chloride has replaced the acetate
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in the column. It may be necessary to adjust the length 
of the column depending upon the efficiency of the resin. 
The object is to get one aliquot (the third in this experi­
ment until prolonged use of the columns moved it to the 
fourth aliquot) to be virtually void of arsenic to insure a 
separation of the two oxidation states. Longer columns may 
necessitate 6-7 aliquots to ensure completion.
The column separation is extremely efficient. Each of 
the following eight tables represents an average of a 
triplicate test of the indicated concentrations eluted 
through the columns.
Table Cl. Confidence of Exchange Columns
1 0 0  ppm As(III) 200 ppm As(III) 1 0 0 0  ppm As(III )
Aliquot PPM Aliquot PPM Aliquot PPM
1 9.6 1 13.1 1 34.6
2 81. 7 2 166.9 2 864 ,0
3 1.4 3 1.9 3 8  . 8
4 0  . 2 4 0.2 4 0 . 3
5 2 . 2 5 3.9 5 6.7
arsenite --92. 7 arsenite-- 181.9 arsenite- -907.4
arsenate —— 2.4 arsenate—  4 . 1 arsenate-- 7.0
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100 ppm As ( V ) 500 ppm As(V) 1000 ;ppm As ( V )
+Aliquot PPM Aliquot PPM Aliquot PPM
1 0 . 0 1 0 . 0 1 0 . 0
2 0 . 0 2 0  . 0 2 0  . 0
3 0 . 2 3 0 . 2 3 0  . 1
4 0 . 2 4 2 1 . 0 4 994.4
5 91. 7 5 462 . 2 5 0 . 1
6 0 . 0 6 0 . 6
arsenite- - 0 . 2 arsenite- — 0 . 2 arsenite — — 0 . 1
arsenate- -91.9 arsenate- -483.8 arsenate --994.5
As(III)/As(IV) = 334/667 As(III)/As(IV) = 333/167
Aliquot PPM Aliquot PPM
1 53.6 1 32.9
2 245 . 1 2 281 .7
3 5 . 0 3 7.9
4 1 0 . 2 4 153.6
5 610.0 5 2 0 . 8
6 0 . 1 6 0 . 0
arseni te- -303.7 arsenite-- 322 . 5
arsenate- -620.3 arsenate-- 174 . 4
Recovery is consistently in excess of 90% and relative 
standard deviation is less than 1% (133 ppm As(III) and
267 ppm As(V) will be analyzed as 133 +/- 12 ppm As(III)
and 267 +/- 24 ppm As ( V ) ) . The small amount of arsenate
found in each arsenite sample is due to oxidation of the 
NaAsOg in the bottle. Since all aliquots were 5 mL the 
concentrations are additive. Otherwise a conversion to 
micrograms, addition and conversion back to ppm would be 
required.
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Appendix D. in Solution
The most likely sources of Mn^^ ions in freshly pre­
pared birnessite are from ions produced during the reduc­
tion of permanganate or from the disproportionation of 
Mn(III) in the crystal structure. The total concentration 
from these sources was determined by putting 1 0 0  mg of 
birnessite in 100 mL of deionized water and leaving it in 
the water bath/shaker table for 72 hours. The solution was 
then centrifuged at 3000 rpm for 30 minutes and passed 
through a 0.45 um filter. It was analyzed for Mn on the 
ICAPES, assuming only Mn^^ would be soluble. The concen­
tration ranged from 0.16 to 0.17 ppm which is an order of 
magnitude less than that found in the experiments with 
arsenic.
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Appendix E. Digestion of Solids 
Unreacted birnessite and residues were quantitatively 
analyzed by the ICAPES. A measured amount of solid ma­
terial, generally between 1 0 0  and 2 0 0  mg, was measured into 
a teflon cylindrical vessel with five mL of Baker Instra- 
analyzed grade HCl and the screw-on cover was tightened to 
a torque of 250 ft-lbs. The vessel was then heated for 
five minutes in a commercial microwave oven on full power, 
allowed to cool and then diluted to 500 mL with deionized 
water. If the precipitate digested included a filter, the 
liquid required filtering (0.45 u m ). Otherwise complete 
dissolution occurred and the liquid was ready for analysis 
in the ICAPES. The solution after the microwave digestion 
was green-brown but became colorless upon dilution. This 
is most likely due to colored chloro complexes with manga­
nese in the concentrated HCl medium.
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Appendix F. Details of Kinetics Design
Experiments were performed to determine the difference 
filtrates using 0.10 um Gelman Sciences sterilized 25 
mm membrane filters vs. the 0.45 um filter. No quanti­
tative difference found.
Tracking the progress of the reaction at various time 
increments required separating the reactants by either 
centrifugation at 3000 rpm for 30 minutes or filtration 
through 0.45 um filters followed by quantitative analysis. 
Experimentation with the centrifuge showed that at 3000 
rpm, the two species were sufficiently separated in between 
five and seven minutes. This two-minute uncertainty range 
precludes use of the method for reactions of less than 
forty minutes (2/40 = 5%, the maximum acceptable error).
The filtration method allows extraction of 10 mL aliquots 
from the vessel as it remains in the water bath and almost 
immediate separation ( 1 0  second time lag) but it is not 
possible to ensure that the aliquot does not alter ratio of 
the solution volume to the quantity of colloidal birnessite 
remaining in the vessel. The filtration method was used 
only for short duration studies and no more than four 
aliquots (40 mL from a total of 100 mL) were extracted from 
each vessel.
An initial ratio of birnessite to arsenite was re­
quired that ensured that one species did not limit the 
reaction prior to the end of the time period under study. 
When the precipitate was of interest, there had to be
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sufficient solid on which to perform several tests. Since 
it was likely that the ratio of initial arsenite and 
birnessite would affect the rate, a constant ratio was 
selected. For long-term reactions requiring study of the 
solution and precipitate, a concentration of 1 0 0 0  ppm 
arsenite and 300 mg of birnessite was used. For shorter 
reactions, similar ratios of 600 ppm As(III) to 200 mg Mn0 2  
and 300 ppm As(III) to 100 mg MnOg worked best. The latter 
was selected for temperature and pH comparison studies. It 
was found that within a narrow range of arsenite-birnessite 
ratios, the amount of birnessite did not alter the reaction 
rate noticeably. Solution data is shown in table FI (be­
low) and figure 2 .
Examination at very short time periods requires care­
ful design. The birnessite was measured into the 500 mL 
Nalgene bottle with 100 mL of deionized water added minus 
the volume of concentrated arsenite stock that would be 
required to bring it to the required concentration. Since 
preparation of the arsenite solution significantly raises 
the pH as the arsenite hydrolyzes, earlier experiments were 
required to determine the exact amount of 12M HCl needed to 
bring the pH back down to 7.5 (approximately 10 microliters 
per 100 ppm arsenite added). Once all vessels were pre­
pared with the birnessite and water, the HCl was added 
followed immediately by the arsenite. Reaction time com­
menced. Normally it took about 90 seconds from first
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mixture of arsenite to entry of the last vessel into the 
bath. The experiment at five degree celsius was conducted 
in a 5 degree cold room while the solutions for the experi­
ment at 45 degrees were in the water bath for 1 hour prior 
to adding the final 3 mL of arsenite commencing the reac­
tion.
Quantitative analysis was performed over a 64 hour 
period to verify trends in the 5 hour reaction. Solution 
data is in Table 2 and figure 2. Analysis of the residue 
(reacted birnessite and precipitate) is in Table 4 and 
filter substrate (suspended precipitates in solution) 
analysis is in table F2 (below).
Table F I . Concentration of Reaction Species 
Initial Conditions : As(III)--150 ppm, MnO 2 ~ - 1 0 0  mg
Time{min) A s (III)(ppm) As(V )(ppm) K (ppm) Mn (ppm)
62 36 . 8 95.1 9.8 0 . 1
124 23.6 106.8 11.3 0.3
183 17 . 7 115.1 1 1 . 2 0.3
304 1 1 . 0 118.6 1 2 . 6 0.7
Initial Conditions: A s (III)--150 ppm, Mn0 2 “ “ 1 0 0 mg
Time(min) A s (III)(ppm) As (V )(ppm) K (ppm) Mn^^(ppm)
1 0 110.3 27. 1 5.4 0 . 0
40 6 8 . 6 64.2 7.5 0 . 0
90 42.4 91. 1 10.7 0 . 8
180 22.4 108. 5 1 2 . 6 1 . 1
300 9.9 124.4 13.8 2 . 6
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Initial Conditions: As(III)--300 ppm, MnOg--100 mg
Time(min) As ( 111 ) ( ppm ) As(V ){ppm) K (ppm) Mn̂ "*" {pp
1 0 232.9 54 . 7 8  . 8 1 . 0
2 0 214 . 4 73.6 9.6 1 . 3
40 188.6 97.5 1 1 . 6 2 . 0
60 173.5 111.7 12.4 2 . 2
90 169 . 1 116.0 13.0 2.4
1 2 0 164 . 5 1 2 1 . 2 13.5 2 . 6
180 157 . 9 127 . 4 13.6 2 . 8
240 156 . 4 133 . 4 14.0 4. 1
300 143 . 2 134 . 3 13.8 5.0
Initial Conditions: As (III)--600 ppm, MnOg — 2 0 0 mg
Time{min) As {III)< ppm) As (V )(ppm) K {ppm) ( ppi
1 0 429 . 4 117.4 15.4 1 . 2
2 0 388.8 157.2 18.2 1.4
40 342 . 1 194.6 20.7 1.5
60 311.6 215.9 21.4 1 . 6
90 305 . 5 251.9 2 2 . 0 1 . 6
1 2 0 300 . 3 240.9 2 2 . 8 1.9
180 295 . 5 249.4 23 . 7 2.3
240 280.8 262. 1 24.6 2 . 7
300 265.2 266.9 24.6 3.6
Table F2. Filter Analysis of 64 Hour Reaction
Initial Conditions: Arsenite--1000 ppm, Birnessite--300 mg
Time mmole As mmole K mmole Mn As/Mn
(hrs) total ( mol
1 0.017 0 . 0 nd nd
2 0 . 0 2 0 0 . 0 nd nd
4 0.031 0 . 0 nd nd
8 0.017 0 . 0 0.018 0.95
16 0.361 0 . 0 0.395 0.91
24 1 . 0 2 2 0 . 0 1.045 0.93
32 0.635 0 . 0 0.719 0 . 8 8
48 0.985 0 . 0 1.038 0.95
64 2.436 0 . 0 2.443 1 . 0 0
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Appendix G. Effect of Birnessite Surface Area
In reaction kinetics, both water and any solid species 
are normally considered to be at unit activity and their 
reaction order is not considered. However, the experiment 
described here intentionally suspends the solid in col­
loidal form. It can be expected that the exposed surface 
area has some affect upon the reaction rate (reported 
surface area for birnessite is .277 m^/mg). This is indeed 
the case (Fig. 3). The data presented here are from reac­
tions with birnessite of 8.3% potassium content so compari­
son should not be made with kinetic data for birnessite 
with 1.7% potassium content. Reaction concentrations of 
arsenite and birnessite were chosen with a constant ratio 
so that the birnessite surface area would only minimally 
affect the reaction rate.
When the birnessite is greatly in excess there is a 
single rate reaction. Apparently the fast rate predomi­
nates and the reason for a second rate never manifests. 
However, when the arsenic is in excess, the fast rate 
occurs but it appears that the conditions causing the slow 
rate appear quickly resulting in a slowing of the reaction 
when it is still in the time period considered part of 
stage I. The mechanisms are elaborated upon in the discus­
sion section. It will become more clear at that point why 
a thick outer layer of a reduced Mn^* compound (which is a 
likely result of a high arsenite to birnessite ratio) would 
retard the reaction in exactly the way seen here.
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Appendix H. Potassium Content of Birnessite 
The following three forms of birnessite were synthe­
sized. The difference in each is the potassium content. 
The oxygen is a component of the water of hydration and of 
the Mn0 2 * The error in calculation of the Mn content (and 
oxygen by difference) is probably in excess of 1 0 % since 
three dilutions were required to bring it within the limits 
of detection of the ICAPES. Therefore, quantitative com­
parisons of oxygen and manganese are not reliable. These 
figures are important only in comparison of potassium con­
tent .
Hi rn 1 Birn 2 Bi rn 3
Mn 50. 5% Mn 46.8% Mn 48.8%
K 8.3% K 1 . 7% K 2.7%
O 41.2% 0 51 . 5% 0 48 . 5%
Birnessites were dried at 70° C and
tor between uses. Thermogravimetric analysis indicated 
very little water content prior to evaporation of the water 
of hydration.
The redox reaction under consideration here proceeds 
much faster with a lower concentration of potassium. In 
one 72 hour reaction with initial concentrations of 1 0 0 0  
ppm arsenite and 600 mg birnessite, the 1.7% potassium 
birnessite reaction had no arsenite remaining and 749 ppm 
arsenate produced while in another reaction using a 8.3% 
potassium birnessite, the result was 229 ppm arsenite 
remaining and 418 ppm arsenate produced.
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Attempts were made to replicate the various forms of 
birnessite by varying boiling time, filtering and washing 
procedure, and drying methods. Variation of potassium 
content between 1.7 and 2.7 was possible by increasing 
boiling time by 50% ( for higher potassium content) but a 
content of 8 % could not be replicated. Possibly more exper­
iments shortening and lengthening the boiling time would be 
f ruitful.
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Appendix I. Product Formation 
The redox reaction noted in the introduction shows the 
ionic species formed to be HAsO^^~ and Mn^^. The solution 
after reaction contains the products: H 2 AsO^“ and remaining 
Mn0 2  as well as and Na^ from the birnessite and original 
arsenite solution respectively. Solid precipitates from 
these ions will be indistinguishable from reacted birnes­
site with adsorbed arsenite. The arsenate and manganous 
ions can react to form several insoluble compounds. The 
formation of Mng ( AsO^ ) 2  has an enthalpy of formation ( Hg- ) 
of -910.8 kJ mol"^ (Wagman, 1982). Another possibility is
krautite, Mn(HgO)(AsOgOH) (C a t t i , 1979), of -1102 kJ
1 - 1  mol
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Appendix J. Experimental data 
The following data were not presented in the main body 
but may be useful in replicating these experiments. The 
data show the change in concentration over time for the
various ratios and at the selected pH and temperat
values.
Temperature and pH effects upon rate
Initial reactants: 300 ppm As, 100 mg birn
[As( III) ]
Time 5 C 25 C 45 C pH 3.5 pH 11.0
0 300 300 300 300 300
1 0 240 233 168 203 263
2 0 215 215 143 187 230
40 214 189 1 2 0 158 196
60 2 0 2 175 117 147 184
90 189 169 113 144 167
1 2 0 177 164 107 138 157
180 171 158 99 132 143
2 2 0 168 153 94 124 137
300 159 143 90 1 1  1 123
Comparison of different initial reactant ratios
[As(III)]/birn
ppm/mg 8.3% K
Time 50/100 300/400 350/100 300/200
0 50 300 350 300
65 14.3 86.4 255.1 156.8
96 9.7 247.2
128 5 . 9 45.2 244 .5 134
189 27.3 1 2 2 . 8
242 1 240. 1
306 1 . 9 1 1 1 . 2
423 0 . 1 227 . 8
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Comparing rates from diff potassium content
Ratios are initial [As(III)] to
birness i te , (ppm/mg). Time is in rain.
[As(III) ]
8 .3% K 8.3% K 8  . 3% K 1.7% 1 .7% 1.7%
Time 300/200 350/100 600/200 150/100 350/100 600/200
0 300 350 600 150 350 600
1 0 228.5 287.2 110.3 265 ,9 445. 940 179.3 260.1 6 8 . 6 241. 5 339.5
65 156.9 255.1 355 . 8 53.9 230.1
90 144 247.2 42.4 214.9 271.8
123 134 240 320.7 32.6 203.8
184 122.8 237 302 . 8 22.4 196.6 244 . 3
303 111.1 232 2 78 .5 9.9 190 201.3
Reaction rates at various concentrations
with similar initial reactant ratios
[As( III) ]
time 150/100* 150/100 300/100 600/200 1000/300
(min)
0 150 150 300 600 1 0 0 0
1 0 1 1 0 233 428
2 0 215 388
40 63 69 189 344 567
60 37 43 174 311
90 169 305 513
1 2 0 24 164 299
180 17.6 9.722 156 296 459
240 156 281 433
300 1 1  1 0 143 265
*8.3% K birnessite
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